
Radiochim. Acta89, 499–504 (2001)
 by Oldenbourg Wissenschaftsverlag, München

Interaction of aerobic soil bacteria with plutonium(VI)

By Petra J. Panak1 and Heino Nitsche1,2,∗

1 Lawrence Berkeley National Laboratory, Chemical Sciences Division, The Glenn T. Seaborg Center, Berkeley, CA 94720, USA
2 University of California, Department of Chemistry, Berkeley, CA 94720, USA

(Received January 16, 2001; accepted January 29, 2001)

Plutonium / Bacillus sphaericus / Pseudomonas stutzeri /
Biosorption / Absorption spectroscopy / Actinides

Summary. We studied the interaction of Pu(VI) withPseu-
domonas stutzeri ATCC 17588 andBacillus sphaericus ATCC
14577, representatives of the main aerobic groups of soil
bacteria present in the upper soil layers. The biosorption
studies have shown that these soil bacteria accumulate high
amounts of Pu(VI). The relative sorption efficiency toward
Pu(VI) related to the amount of biomass used decreased with
increasing biomass concentration due to increased agglomer-
ation of the bacteria resulting in a decrease of the number
of available complexing groups. Spores ofBacillus sphaeri-
cus showed a higher biosorption than the vegetative cells at
low biomass concentration which decreased significantly with
increasing biomass concentration. At higher biomass concen-
trations (> 0.7 g/L), the vegetative cells of both strains and the
spores ofB. sphaericus showed comparable sorption efficien-
cies. Investigations on the pH dependency of the biosorption
and extraction studies with 0.01 M EDTA solution have shown
that the biosorption of plutonium is a reversible process and
the plutonium is bound by surface complexation. Optical
absorption spectroscopy showed that one third of the initially
present Pu(VI) was reduced to Pu(V) after 24 hours. Kinetic
studies and solvent extraction to separate different oxidation
states of Pu after contact with the biomass provided further
information on the yield and the kinetics of the bacteria-
mediated reduction. Long-term studies showed that also 16%
of Pu(IV) was formed after one month. The slow kinetics of
this process indicate that under our experimental conditions
the Pu(IV) was not a produced by microbial reduction but
seemed to be rather the result of the disproportionation of the
formed Pu(V) or autoreduction of Pu(VI).

Introduction

The production and testing of nuclear weapons, nuclear re-
actor accidents and accidents during the transport of nu-
clear weapons have caused significant environmental con-
tamination with radionuclides. Their migration behavior is
controlled by a variety of complex chemical and geochem-
ical reactions such as solubility, hydrolysis, redox reactions
and complexation reactions with inorganic, organic and bi-
ological ligands, and sorption on the geo-matrix. In add-
ition, microorganisms can strongly influence the actinides’
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transport behavior by both direct interaction (biosorption,
bioaccumulation, oxidation and reduction reactions) and
indirect interaction (change of pH and redox potential),
thus immobilizing or mobilizing the radionuclides. Espe-
cially plutonium is a cause for major concern due to the
quantity in nuclear waste, the toxicity and the long half
lives of the different isotopes. Fundamental information
on the mechanism of biotransformation of plutonium will
be useful in predicting the microbial impact on the mi-
gration from waste repositories as well as developing re-
mediation and decontamination strategies for contaminated
sites.

Plutonium can exhibit several oxidation states,e.g., 4+,
5+, and 6+, in aqueous solution under environmental con-
ditions [1]. Most papers on the interaction of plutonium
with bacteria contain only data on the amount taken up by
the bacteria [2–4] without providing information on mech-
anistic details of the interactions with the biomass. Due to
the fact that plutonium is a redox active metal, the interac-
tion with the biomass can cause changes of the oxidation
state. For a better understanding of these processes, a speci-
ation of the plutonium complexes formed with the bacteria
is necessary. In recent years, a first attempt was made to
characterize the reduction products of Pu(IV) after contact
with iron-reducing bacteria [5]. The authors observed an in-
creased solubilization of hydrous PuO2(s) under anaerobic
conditions in presence of the bacteria. Unfortunately, the
predicted formation of Pu(III) could not be proven. The so-
lutions contained nitrilotriacetic acid (NTA) and, thus, the
Pu(III) was immediately oxidized to Pu(IV). This is in good
agreement with literature data on the stability of various plu-
tonium valence states in the presence of NTA [6].

Our research focuses on the interaction of aerobic bac-
teria with hexavalent plutonium. Because of the high sol-
ubility compared to Pu(IV) and the stability under aerobic
conditions, plutonium(VI) has a high potential of migration
away from waste repositories and, thus, for contamination of
the environment. We used two different strains for our stud-
ies, Bacillus sphaericus (ATCC 14577) andPseudomonas
stutzeri (ATCC 17588), representatives of the main aero-
bic groups of soil bacteria. Our studies included biosorption
studies to determine the sorption efficiency toward pluto-
nium under various conditions (pH, amount of biomass) and
desorption studies to obtain information on the nature (sorp-
tion, surface complexation, or uptake) and binding strength
of the interaction. To characterize the oxidation states of the
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formed plutonium species after contact with the bacteria,
we used solvent extraction techniques and optical absorption
spectroscopy.

Experimental

The bacterial strains (Bacillus sphaericus ATCC 14577 and
Pseudomonas stutzeri ATCC 17588) were grown under aer-
obic conditions in 500 mL nutrient medium (8 g/L nutrient
broth, Difco) at 22◦C. The biomass was separated from the
growth medium by centrifugation (6000×g) and washed 4
times each with 40 mL physiological NaCl-solution (0.9%).
To study the sorption efficiency ofB. sphaericus in de-
pendency of the age of the culture, a 24-hour culture
containing fresh vegetative cells, a 27-hour culture with
vegetative cells before they started to sporulate, and a cul-
ture of spores (48 hours) without vegetative cells were
prepared.

A 239Pu stock solution was prepared by ion exchange
chromatography purification (Dowex AG1-X8 anion resin)
and oxidation to Pu(VI) with concentrated HClO4. The stock
solution was diluted to 20 mL containing 8.6 g/L of Pu(VI).
The purity of the oxidation state was verified by absorption
spectroscopy.

To study biosorption, we used a Pu(VI) concentration
of 36.7 mg/L in 1.5 mL 0.9% NaCl-solution at pH 5. We
varied the biomass from 0.08 gdry weight/L to 1.29 gdry weight/L
(Pseudomonas stutzeri) and from 0.07 gdry weight/L to
1.17 gdry weight/L (Bacillus sphaericus, vegetative cells) and
0.07 gdry weight/L to 1.15 gdry weight/L (Bacillus sphaericus,
spores). To obtain information on the binding strength and
the reversibility of the biosorption process, the plutonium
on the biomass was extracted with 0.01 M EDTA solution
(pH 5). Plutonium concentrations were measured by liquid
scintillation counting using a LKB Wallac, 1219 Rackbeta
liquid scintillation counter.

In order to obtain information on the Pu species in-
volved, the oxidation states formed and the time scale of
the biosorption processes, optical absorption spectroscopy
was used. The spectroscopic studies were performed in
5 mL polyethylene (PE) cuvettes, using Pu(VI) concentra-
tions between 85.6 and 127.0 mg/L in 2 mL physiological
NaCl-solution. The biomass was added in 20µL portions
of the bacterial stock solutions containing bacterial con-
centrations of 2.07 gdry weight/L (Bacillus sphaericus, vege-
tative cells), 2.15 gdry weight/L (Bacillus sphaericus, spores)
and 2.56 gdry weight/L (Pseudomonas stutzeri). The absorption
spectra were measured with a triple-channel fiber optic spec-
trometer (ST 2000, Ocean Optics). The spectrometer uses
a deuterium halogen light source (DH 2000) with a wave-
length range from 215 to 1500 nm and a Sony ILX 511 linear
CCD-array silicon detector containing 2048 elements. The
optical resolution is 2.1 nm (FWHM) due to a slit of 50µm
and a 600-lines grating (blazed at 500 nm) for the visible
range (350–1000 nm).

To study the pH dependency of the biosorption, we pre-
pared six samples containing biomass concentrations of
0.38 gdry weight/L and Pu concentrations of 141.7 mg/L in
1.8 mL physiological NaCl-solution at pH values between
1.3 and 6.6. We analyzed the samples by UV/VIS spec-

troscopy before (blanks) and after we added the biomass.
After removing the biomass by centrifugation (6000×g),
the remaining plutonium concentration in solution was de-
termined by liquid scintillation counting.

The kinetic studies to determine the time dependency
of the biosorption were performed in 5 mL cuvettes using
a fixed plutonium concentration of 107.8 mg/L. The pH was
adjusted to 4.4 to reduce the amount of the monohydroxo-
Pu(VI) complex to less than 10%. Two experimental series
were carried out for each strain, using a lower (0.47 g/L
for P. stutzeri and 0.29 g/L for B. sphaericus) and a higher
biomass concentration (0.73 g/L for P. stutzeri and 0.47 g/L
for B. sphaericus). In addition, blank solutions without
biomass([Pu] = 107.8 mg/L) were used as controls. After
adding the bacteria to the plutonium solution, absorption
spectra of the samples were measured at certain time in-
tervals during a 24 hours period using the absorption band
at 830 nm of the PuO2

2+
aq ion. After 24 hours, the samples

were acidified to pH 0 to remove the plutonium from the
biomass. After stirring the solution for one hour, the biomass
was separated by centrifugation. Different oxidation states
of Pu in the solution were identified by optical absorp-
tion spectroscopy. To determine the distribution of oxidation
states, 500µL of the solution were extracted at a time with
500µL of 0.5 M thenoyltrifluoroacetone (TTA) in xylene
and 500µL di(2-ethylhexyl)phosphoric acid (HDEHP) in
toluene. The extractions were performed according to [7].
The Pu concentrations of all phases were measured by liquid
scintillation counting.

In a long-term study, we extracted one sample contain-
ing 107.9 mg Pu and 0.47 g/L of Pseudomonas stutzeri after
one month. After determining the total concentration of the
reduction products, we separated the biomass from the su-
pernatant by centrifugation. The plutonium on the biomass
was removed with 1 M HCl and the plutonium of both
fractions was separately extracted with TTA and HDEHP
at pH 0.

Results

Sorption and desorption studies

Sorption of plutonium(VI) for vegetative cells ofP. stutzeri
and B. sphaericus, and spores ofB. sphaericus as a func-
tion of biomass at pH 5 is presented in Fig. 1. For a better
comparison, the results were normalized to the dry weight
of the bacteria. The relative biosorption efficiency decreased
with increasing biomass concentrations. This is due to an
increased agglomeration of the bacteria at higher biomass
concentrations, which was observed by microscopy. The
spores ofB. sphaericus showed a much higher biosorption
compared to the vegetative cells at low biomass concen-
tration. Biosorption decreased significantly with increasing
amounts of biomass. The vegetative cells ofP. stutzeri and
B. sphaericus displayed a very similar sorption behavior.
They also showed a decreasing biosorption efficiency with
increasing amounts of biomass, but the decrease was less
than for theB. sphaericus spores. No significant differences
were observed between the sorption behavior of the vegeta-
tive cells of the 24- and the 27-hour culture ofB. sphaericus.
At higher biomass concentrations (> 0.7 g/L), the vege-
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Fig. 1. Plutonium(VI) biosorption ofPseudomonas stutzeri ATCC
17588 and vegetative cells and spores ofBacillus sphaericus ATCC
14577 at pH 5 as a function of the biomass concentration. The results
are normalized to the dry weight of the bacteria.

tative cells of both strains and the spores ofB. sphaeri-
cus showed comparable sorption efficiencies. These results
have shown that it is very important to examine the sorp-
tion behavior of different strains at various biomass con-
centrations because different strains can display different
sorption behavior with increasing or decreasing biomass
concentrations.

To obtain information on the reversibility and the bind-
ing strength of the bacterial Pu complexes, we extracted
the cell-bound Pu with 0.01 M EDTA solution (pH 5). The
percentage of the extractable Pu at different biomass con-
centrations is shown in Fig. 2. For all biomass concentra-
tions, between 80 and 95% of the plutonium was released
from the cells. We observed no significant differences of ex-
traction behavior between the different strains or between
the vegetative cells and the spores. These results show that
the process is reversible and confirms the formation of sur-
face complexes with functional groups of the cell surface.
The bacterial complexes are less stable than the plutonium
EDTA-complex. These results are in excellent agreement
with the results of our earlier studies on the interaction of
U(VI) with different Bacillus strains [8].

Fig. 2. Percentage of the cell bound Pu extracted from the biomass with
0.01 M EDTA solution (pH 5.0).

Fig. 3. Total amount of plutonium removed from the solution byBacil-
lus sphaericus ([biomass] = 0.38 gdry weight/L) as a function of the pH.

pH dependency

The amount of Pu(VI) removed byBacillus sphaericus as
a function of the pH is presented in Fig. 3. Very little
biosorption was observed at low pH values. The amount of
Pu bound to the biomass increased with increasing pH ac-
cording to an increasing deprotonation of the complexing
groups on the cell surface. In agreement to the extraction
studies with EDTA, this is further proof that the Pu is bound
to the bacterial cells via surface complexation. The max-
imum biosorption was observed at pH 5.1 and decreased
again with further increase of the pH. For pH values higher
than 4.5, the monohydroxo complex has a significant influ-
ence on the species distribution of Pu(VI). The formation
of this very strong complex affects also the biosorption and
leads to a decrease of the total amount of Pu bound to the
biomass with increasing pH.

Influence of the hydrolysis

In order to obtain information on the influence of the hydrol-
ysis on the biosorption process, we studied the biosorption
as a function of the ratio of PuO2

2+/PuO2(OH)+ at vari-
ous pH values between 4.7 to 6.6. The species distribution
and the decrease of both species after adding the biomass
was determined spectroscopically by analyzing the optical
absorption spectra in the region between 825 and 850 nm
using the areas of the absorption bands. The plutonium ref-
erence solutions without biomass at pH 4.7, 5.2 and 6.6
contained 88.1%, 63.2% and 5.8% of the plutonium aquo
ion, respectively. We determined an average stability con-
stant of logK = −5.39±0.13 for the PuO2(OH)+ complex.
Our stability constant compares within the error interval
to the data of Pashalidiset al. [9] (log K = −5.68) and
Okajima et al. [10] (log K = −5.2) also determined spec-
troscopically, but is lower than other constants obtained by
solubility experiments (logK = −5.52 [11]) or potentio-
metric titration (logK = −5.71 [12], logK = −5.97 [13]).
The decrease of Pu(VI)aq and PuO2(OH)+ in solution after
adding increasing amounts ofPseudomonas stutzeri is
shown in Fig. 4. The vegetative cells and the spores of
Bacillus sphaericus showed similar results. For all strains
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Fig. 4. Decrease of the Pu(VI )aq and PuO2(OH)+ in solution at pH 4.7,
5.2, and 6.6 after addition of increasing amounts ofPseudomonas
stutzeri. The concentrations of the Pu species were determined by ab-
sorption spectroscopy.

used, the Pu(VI) aquo ion was quantitatively removed from
the solution at all pH values while the concentration of
the PuO2(OH)+ did not change significantly. We observed
a maximum uptake of the plutonium monohydroxo complex
of 33.3±0.8% for Pseudomonas stutzeri at pH 5.2, 35.3±
0.9% for Pseudomonas stutzeri at pH 6.6, 32.3± 0.7%
for Bacillus sphaericus vegetative cells at pH 5.1, 32.2±
0.7% for Bacillus sphaericus vegetative cells at pH 6.6, and
38.2±1.1% forBacillus sphaericus spores at pH 4.9. These
results indicate that the bacteria preferentially form com-
plexes with the plutonyl aquo ion. The plutonium monohy-
droxo complex is a very strong complex and only one third
of the PuO2(OH)+ complexes interacted with the biomass.

Kinetic studies

Fig. 5 shows the decrease of the Pu(VI) concentration in
solution with increasing contact time at various biomass
concentrations. The main transformation of Pu(VI) occured
during the first 10 minutes. Only a slight additional decrease
of Pu(VI) was observed for contact times beyond two hours.
The total yield of the plutonium removed from the solu-
tion after 24 hours was 68.1±1.4% and 92.2±2.1% for
Pseudomonas stutzeri and 70.8±1.8% and 88.0±2.0% for
Bacillus sphaericus at the lower and higher biomass concen-
tration, respectively (see Fig. 5). It was not possible to fit
the time dependency to a mono-exponential law. Fitting the
data to a bi-exponential law (y = y0 + A1 e−(x/t1) + A2 e−(x/t2))

Fitting function:y = y0 + A1 e−(x/t1) + A2 e−(x/t2)

Sample y0 A1 t1 A2 t2

Pseudomonas stutzeri: 37.8 34.4 0.42 33.3 278.0
0.47 g/L
Pseudomonas stutzeri: 10.4 58.8 0.19 40.4 126.6
0.73 g/L
Bacillus sphaericus: 33.3 46.0 0.37 28.9 270.4
0.29 g/L
Bacillus sphaericus: 12.8 61.8 0.37 32.1 185.0
0.46 g/L

Table 1. Fitting parameter of the kinetic
data.

Fig. 5. Decrease of the Pu(VI) concentration ([Pu]initial = 107.8 mg/L)
in solution in dependency of the contact time using 0.47 and 0.73 g/L
of Pseudomonas stutzeri and 0.25 and 0.46 g/L of Bacillus sphaericus.

leads to the conclusion that at least two different processes
occur after adding the biomass. The fit further provided the
contribution of both processes (A1 and A2) to the total de-
crease of the initial Pu(VI) and the amount of Pu(VI) which
remained in solution (y0). The fitting parameters are listed
in Table 1. We expect that the complexation of Pu(VI) with
functional groups of the biomass is a very fast process. This
process can be attributed to the first reaction with the shorter
half-life and explains the fast decrease of Pu(VI) in the so-
lution during the first few minutes. The second process is
much slower than the first process. The long half-lives indi-
cate that the second process might include a change of the
oxidation state.

Determination of the oxidation states of Pu

We used two different methods to identify and quantify dif-
ferent oxidation states of Pu, optical absorption spectroscopy
and solvent extraction techniques, to determine if a part of
the Pu(VI) is reduced by soil bacteria. Different oxidation
states of plutonium have characteristic absorption bands that
can be used to identify certain oxidation states [14]. The ab-
sorption spectrum of plutonium after 24 h contact with the
biomass after redissolution of the Pu on the biomass by acid-
ification to pH 0 is shown in Fig. 6. We identified character-
istic absorption bands of Pu(VI) and Pu(V) according to the
wavelength and the band shape [14]. The spectrum did not
contain any Pu(IV) absorption bands. We conclude from that
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Fig. 6. Absorption spectrum of Pu ([Pu(VI )]initial = 107.8 mg/L) at
pH 0 after a contact time of 24 hours with 0.73 gdry weight/L of Pseu-
domonas stutzeri.

observation that the initially added Pu(VI) is partly reduced
to Pu(V) by interaction with the bacteria.
Because of the low absorption coefficients of Pu(IV) and
Pu(V) [15] and the low concentration of Pu in the solu-
tion, the quantification of the different Pu-species was per-
formed by solvent extraction. Solvent extraction with TTA
and HDEHP allows a selective separation of different oxi-
dation states of Pu at low concentration levels between 10−6

and 10−10 mol/L, which is below the sensitivity range of the
absorption spectroscopy [7]. The results of the solvent ex-
tractions of the four samples used for the kinetic studies are
listed in Table 2. After 24 hours, the samples contained three
different species: Pu(VI)aq in the solution, Pu(VI) bound to
the biomass and Pu(V). In agreement with the spectroscopic
results, no Pu(IV) was formed during 24 hours. Whereas
the ratio of Pu(VI)biomass/Pu(VI)aq increased with increasing
biomass concentration, the four samples contained almost
the same amount of Pu(V). Comparing the distribution of
the oxidation states after 24 hours (Table 2) with the fitting
parameter of the kinetic studies (Table 1), we found a very
good agreement betweenA1 and Pu(VI)biomass, A2 and Pu(V)
andy0 and Pu(VI)solution. These results prove that the reaction
with the fast kinetic (A1, t1) can be attributed to the complex-
ation of Pu(VI) with the biomass, whereas the slow process
(A2, t2) describes the reduction of Pu(VI) to Pu(V).

Biomass Pu(IV) Pu(V) Pu(VI )solution Pu(VI )biomass

(mol/L) mg/L (%) mg/L (%) mg/L (%) mg/L (%)

Pseudomonas stutzeri: 0.47 g/L – 28.6(27.0) 33.8(31.9) 43.5(41.1)

Pseudomonas stutzeri: 0.73 g/L – 34.9(31.8) 8.6(7.8) 66.2(60.3)

Bacillus sphaericus: 0.29 g/L – 34.0(31.3) 31.7(29.2) 42.8(39.4)

Bacillus sphaericus: 0.46 g/L – 36.4(34.0) 12.8(11.9) 58.0(54.1)

Table 2. Results of the solvent
extraction with 0.5 M TTA
and 0.5 M HDEHP after a con-
tact time of 24 hours (error:
< 5%).

Pu(IV) Pu(V) Pu(VI)
mg/L (%) mg/L (%) mg/L (%)

17.4(16.1) 46.8(43.4) 43.7(40.5)

Supernatant Biomass Supernatant Biomass Supernatant Biomass
mg/L (%) mg/L (%) mg/L (%) mg/L (%) mg/L (%) mg/L (%)

1.6(1.5) 15.7(14.6) 40.4(37.4) 6.6(6.1) 19.4(18.0) 24.2(22.4)

Table 3. Results of the sol-
vent extraction of the super-
natant and the biomass with
0.5 M TTA and 0.5 M HDEHP
after a contact time of one
month (error:< 5%).

To determine if also Pu(IV) will be formed after a long
contact time, we performed long term studies after a contact
time of one month usingP. stutzeri. The results are given in
Table 3. The comparison of these results with the oxidation
state distribution after 24 hours shows that the percentage of
Pu(V) is almost 10% higher. In addition, 16.1% Pu(IV) was
formed.

After determining the total concentration of the reduc-
tion products, we extracted the Pu on the biomass and in
the supernatant separately to obtained information whether
the reduction products are localized in the solution or bound
to the cells. The species distributions of both fractions (also
given in Table 3) have shown that more than 90% of the
Pu(IV) was removed together with the biomass, whereas the
main part of the Pu(V) was found in the supernatant due to
the weak complexation properties of the Pu(V) ion. Further-
more, both fractions contained similar amounts of Pu(VI).

Discussion

The present results have demonstrated that there is a strong
interaction of hexavalent plutonium with aerobic soil bacte-
ria like Bacillus sphaericus and Pseudomonas stutzeri. On
the basis of our results, we developed a model which de-
scribes the overall process (see Fig. 7). Contrary to the inter-
action of U(VI) with aerobic soil bacteria, the interaction of
Pu(VI) with Bacillus sphaericus andPseudomonas stutzeri
includes three processes which have different time scales:

In a first step, the Pu(VI) is bound to the biomass. This
process is characterized by very fast kinetics and depends
strongly on the amount of biomass used which determines
the amount of available binding sites of the cells. Extraction
studies and sorption experiments at different pH values have
shown that surface complexes with functional groups on the
cell surface are formed. Former results on the complexation
of U(VI) with Bacillus strains have shown that the uranium
is coordinated with phosphate groups [8, 16]. The analysis of
EXAFS spectra of the Pu(VI) complex withB. sphaericus
provided information on the coordination and bond lengths
(Pu−Oaxial: 1.78 Å, Pu−Oequatorial: 2.42 Å and Pu−P: 3.70 Å)
and confirmed that the plutonium is also bound to organo-
phosphate groups [17].
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Fig. 7. Illustration of the different processes of the interaction of
Pu(VI) with aerobic soil bacteria.

In a second step, a part of the cell-bound Pu(VI) is re-
duced to Pu(V) by interaction with the biomass. This is
a much slower process compared to the binding of Pu(VI)
to the biomass. Only one third of the initial Pu(VI) was re-
duced after 24 hours. Due to the weak complexation ability
of the PuO2

+ ion, more than 85% of the Pu(V) was found in
solution.

The comparison with the blank solutions without biomass
has shown, that the plutonium reduction is caused by inter-
action with the bacteria. Thereby, two different processes
can play a role. In the non-metabolic process the plutonium
reduction is a result of an oxidation of the organic matter
or functional groups on the cell surface. Because we used
living cells, also a metabolic process as described in [18]
may be involved. Microorganisms obtain energy for growth
by catalyzing oxidation and reduction reactions. Compar-
ing the redox potentials of the O2/H2O couple with that of
the PuO2

2+/PuO2
+ couple, aerobic soil bacteria should be

able to reduce Pu(VI) to Pu(V) concurrently with oxygen
depletion [18]. Due to the fact that our experiments were
performed in NaCl solution without providing any further
nutrients, this process is probably of minor importance.

Our long term studies have shown that after a contact
time of one months 16.1% Pu(IV) was formed (third pro-
cess). Considering the living conditions of the bacteria, we
expect that the main part of the bacteria died before the
end of the long term experiment because of a lack of nutri-
ents. This means that the metabolic activities of the biomass
should decrease with increasing contact time. It is more
likely that under our experimental conditions the Pu(IV) was
produced by disproportionation of Pu(V) and/or autoreduc-
tion of Pu(VI). The very slow kinetics of the Pu(IV) for-
mation, observed in our experiments, are in good agreement
with literature data for both processes under comparable
conditions [15, 19–21].

Our results have shown that the interaction of plutonium
with aerobic soil bacteria causes changes of the oxidation
state which have an important impact on the migration be-
havior. The reduction of the Pu(VI) bound to the biomass
to Pu(V) leads to an increased dissolution of the cell bound

plutonium. On the other hand, the formation of Pu(IV) in-
creases the immobility of plutonium. This information is
very important for predictions on the migration of actinides
in natural systems as well as for remediation purposes.
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